New approach using direct crack width calculations of the minimum reinforcement in tensile RC elements is presented.
INTRODUCTION
In RC elements such as long retaining walls (Fig. 1a) , tank walls or other structures restrained by soil or previously casted foundation, tensile stresses resulting from the thermal -shrinkage (TS) effects can cause severe cracking. Moreover in massive elements, such as thick foundation slabs (Fig. 1b) or thick retaining walls (Fig. 1a) , due to cement hydration heat release and shrinkage of concrete, the additional self-equilibrating stresses arise. In general in structures subjected to the TS effects, the stress state can be described as a sum of the linear restraint and nonlinear residual stresses, as depicted in Fig. 1c . The restraint stresses depend highly on the boundary conditions of the structure subjected to tension caused by the TS effects. On the other hand the residual stresses, both those that originate from the hydration heat release and those caused by drying shrinkage, do not depend on the static scheme of the structure, because they do not cause any deformation of the whole element. Various methods for calculating the TS stresses can be found in [1], [2] , [3] , [4] . as the sum of restraint and self-equilibrating residual stresses
In standard [5] the minimum reinforcement for crack width control in restrained concrete members is based on the simplified calculations taking up the cracking force of the cross section. This concept gives straightforward results but its consistent application can have a decisive influence on the amount of required reinforcement and usually leads to a very high steel consumption, especially for thick elements. Regulations from [5] regarding the minimum reinforcement for the crack width control (hereafter this reinforcement will be called mincr) refer only to the bar elements. Therefore to apply those rules to plates or walls, imaginary tensile bar elements have to be separated from the structure just like in the design with strut and tie models.
The general principle for mincr in standard [5] was is given by:
.2.1(P). If crack control is required, a minimum amount of bonded reinforcement is required to control cracking in areas where tension is expected. The amount may be estimated from equilibrium
between the tensile force in concrete just before cracking and the tensile force in reinforcement at yielding or at a lower stress if necessary to limit the crack width."
The minimum reinforcement determined for the stress in steel equal to the yield strength is by definition the minimum reinforcement for the ultimate limit state (minULS). The minimum reinforcement for the crack width control usually must be determined for significantly lower stress level. For the crack width to stay within the limit, the reinforcement must remain elastic after the cracking occur and therefore the crack width will decrease after unloading. Under such circumstances the cracking is under control. It is worth noting that according to the standard [5] , the mincr have to be applied to all areas where tension may occur regardless of the value of tensile stress. Reinforcement smaller than mincr can be designed only in areas exclusively under compression. This is a fundamental element of the doctrine of the norm [5] , but if tension arise from the restrain of the TS deformations -and this is the case for almost any structure -the consistent application of the Eurocode's regulations can lead to high reinforcement amounts. However in standard [5] a numerous examples of provisions inconsistent with the general rules of determining mincr mentioned above can be found. For example in RC slabs not thicker than 200 mm subjected to bending without significant axial tension, specific measures to control cracking, and therefore mincr, are not necessary. Further discussion about exceptions to the principle regarding mincr can be found in [3] .
In the opinion of the authors, the principle of the mincr should be considered useful because it emphasizes the need for taking into account important phenomena such as TS effects in concrete, often disregarded in the design process. However in cases where the tensile stresses are small, simplified calculations taking up the cracking force of the cross section usually lead to a very high steel consumption, especially in thick elements. On the other hand, considering the random nature of the TS effects in concrete, in cases where crack control is required the minimal reinforcement is necessary.
The article presents the authors' concept regarding the calculations of the minimum reinforcement for crack width control in RC tensile elements, especially in cases in which tension occurs due to the TS effects. The concept was based on the Eurocode 2 [5] enriched with addendums derived from the German national annex [6] , that allowed to calculate the reinforcement for stresses smaller than the tensile strength.
MINIMUM REINFORCEMENT FOR CRACK WIDTH CONTROL

BASIC ASSUMPTIONS OF THE EUROCODE 2
The minimum reinforcement for crack width control in axially tensioned elements is determined by the formula 
where Ncr is the cracking force, As is the amount of mincr; Ac is the area of concrete cross section;
fct,eff is the effective tensile strength of concrete; σs is the stress in steel after the cracking and k ≤ 1 is the coefficient which reduces the cracking force due to the self-equilibrating residual stresses that arise from TS effects (Fig. 1c ). Eq. (2.1) is based on the basic assumption that maximum tensile stress in the cross section immediately before cracking is equal to the effective tensile strength fct,eff.
After the cracking concrete is only the matrix for the bonded reinforcement and does not transfer any forces. The amount of mincr is estimated from equilibrium between the force in concrete just before cracking and the force in the reinforcement immediately after the cracking.
The effective concrete tensile strength fct,eff is the value of the tensile strength of the concrete effective at the time when the cracks may first be expected to occur. It has a strong influence on the amount of mincr. The effective tensile strength concept corrects the value of the tensile strength of concrete to account for the influence of the concrete's age. If cracking occurs in a fresh concrete, a smaller value than the mean tensile strength of concrete fctm can be assumed. Unfortunately in the design code [5] no more information are included. According to [6] , when the cracking occurs a few days after casting primarily due to the cement hydration heat release, fct,eff = 0.5fctm may be assumed, what leads to significant savings in the amount of the reinforcement. However, if mincr is needed due to effects that can occur after the concrete attain expected strength, then fct,eff = fctm, which leads to a very high reinforcement amounts.
The reduction coefficient k is the coefficient which allows for the effect of non-uniform residual self-equilibrating stresses that can occur due to the non-uniform temperature distribution during the hydration heat release process and the differential drying shrinkage. The residual stresses cause that the element cracks at an average value of the tensile stress smaller than the effective tensile strength of concrete fct,eff. This phenomenon can be approximately taken into account by assuming the reduced concrete tensile strength (multiplied by the coefficient k ≤ 1) or reducing the cross-sectional area of the tensile zone by multiplying it by this factor. In thick RC elements irregularities in the hydration heat release are higher in comparison to thin cross-sections, therefore for such elements the values of k will be smaller. The essence of the problem is illustrated in Fig. 2 . In Fig. 3 the loading and unloading response of a reinforced tensile member assumed in the standard [5] is shown. The bilinear relationship between the average stress and strain in the cracked element against the two lines representing the phase I (uncracked cross-section) and phase II (cracked cross-section) is depicted. The bilinear relationship was determined using the general method of the calculation of crack width from the paragraph 7.3.4 of the standard [5] and can also be used for N < Ncr. Under monotonic loading, the behaviour of the element can be described using the line representing the phase I (0A). After reaching the cracking force (in Fig. 3 it is assumed that fct,eff = 0.5fctm), a transition to the bilinear relationship occurs. At that point, the member enters in the crack development stage (approximated by a horizontal line AB) where cracks are created.
Afterwards the number of cracks remains constant but their openings increase with the load (CD).
This phase ends with the yielding of the reinforcement. From that point, both for loading and unloading of the element, the strain is computed from the bilinear relationship which allows for determining the strains and the crack width in RC elements subjected to any tensile forces, even smaller than the cracking force N < Ncr. This issue is of fundamental importance in determining the minimum reinforcement for the crack width control mincr. As shown in Fig. 3 , in standard [5] it is assumed that once the cross-section is cracked, both loading and unloading occurs at the same loading path. This leads to a zero-width cracks in the completely unloaded element. However in [7] it is stated, that the complete unloading of a tensile member leads to a residual strain and crack width. This shows that calculating the response of a tension member using a monotonic loading pattern may underestimate the actual value of the crack width for elements under cyclic loading.
The crack width in such elements may increase with each cycle. Fig. 3 . Relationship between the average stress and the average strain in RC element under axial tension
The minimum reinforcement for crack width control is by definition the reinforcement, for which the crack width, determined for the cracking forces (or smaller, see the next paragraph), is equal to the limit value. Rules and equations governing the crack width calculations in standard [5] are rather complicated and to efficiently calculate such reinforcement a computer is needed, therefore in the standard [5] the Eq. (2.1) was introduced. However in the opinion of the authors the computers are nowadays widely available to engineers therefore authors propose to calculate the mincr directly by definition, for example using spreadsheet included with the book [3] or simply using custom made spreadsheets.
ADDENDUMS TO THE EC 2 DERIVED FROM THE GERMAN NATIONAL ANNEX
German National Annex [6] contains several important addendums to the European standard [5] .
Firstly, in the paragraph NCI Zu 7.3.2(2)) of [6] it is written (author's translation from in German):
"If the imposed internal forces do not reach the values of the cracking forces, the minimum reinforcement may be reduced. In such cases the minimum reinforcement should be determined by the design of the cross-section loaded with the computed imposed forces, taking into account the crack control requirements"
The above addendum is of fundamental importance because in cases where the tensile stress are small it allows to give up calculations taking up the cracking force of the cross section and therefore to potentially lower the steel consumption. It will be called the first German addendum.
The second German addendum is important in the design of thick elements, in which the residual stresses have a significant influence on cracking. In [6] it is assumed, that the residual stresses are transmitted through the effective areas near the surfaces of the element (Fig. 4a) . In the element of the width b (for slabs b = 1.0 m), the effective area is equal: which Ac > Aeff. In thin elements, the effective area Aeff is equal to the total area of the cross-section Ac. Fig. 4 . a) The effective cross-sectional area in thick elements and b) the coefficient k, according to [6] The third German addendum concerns the simultaneous actions of imposed and direct loading. When calculating the crack width caused by simultaneous effects of the TS imposed tensile stresses and other loads the same rules and formulas apply. The strains caused by the direct loading should be increased by the values resulting from the imposed forces. However, if the strain (computed assuming that the element is cracked) resulting from the imposed deformations does not exceed 0.8‰ (therefore the stress in steel does not exceed 160 MPa), it may be sufficient to calculate the crack width for the greater of the two.
In the fourth German addendum it is recommended to determine the value of the k coefficient from the Fig. 4b instead of not very clear guidelines from [5] .
TWO CRITICAL TERMS
The restraint and residual tensile stresses may arise due to either thermal or shrinkage strain. In the first critical term a key role plays the thermal effects and in the second critical term a shrinkage induced strain is of the greatest significance. Regardless of the origin of the strain, restraint tensile forces may arise only when the deformations of the element are restrained. For slab foundations the restraint factor may be the soil (Fig. 1b) and for retaining or building walls, the deformations may be limited for example by the previously casted foundation (Fig. 1a) . In RC slabs the restraint may be caused by columns and building or stairwell walls. A contraction joints may lower thermal induced strain in the first critical term but obviously they are ineffective for the shrinkage induced strain in the second critical term. Construction and/or contraction joints are effective against both thermal and shrinkage effects. Residual stresses, both those that originate from the hydration heat release and those caused by differential drying shrinkage are self-equilibrated and do not cause any global deformation of the element, therefore they are independent on the boundary conditions of the structure.
FIRST CRITICAL TERM
The first critical term occurs a few days after casting, when the concrete can be considered as fresh and yet hardened enough to crack. The high temperature of the element induced by the hydration heat release decreases and at the outer surfaces of the element (colder than the inside), residual tensile stresses arise. The problem of determining the temperature field due to the hydration heat release is a subject of many publications [8] , [9] , [10] , [11] , [12] , [13] . Because of its relative simplicity, in this paper the parabolic distribution of temperature ( Fig. 5a ) and residual stresses ( 
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where αt is a thermal expansion coefficient of concrete.
The residual tensile stress on the edge of the element σres is equal 2/3 ΔVc (Fig. 5b) . The resultant force of the tensile residual stress, assuming its triangle distribution (Fig. 5c ) is equal 2·0,5·0,211·hbVres = 0,211AcVres. Given the arbitrary nature of the simplifying assumptions and the uncertainty of the input data it was assumed that the resultant tensile force can be calculated from the conservative formula Fig. 5d , where it is assumed that the stress in the entire tension zone is equal to Vres (upper estimate) the resultant force is equal 2·0,211·hbVres = 0,422AcVres. In the opinion of the authors the residual stresses caused by the differential drying shrinkage are of lesser importance in the first critical term due to their smaller values in comparison to those that originate from the hydration heat release and can be omitted in the analysis. The restraint stresses, assuming linear elastic material and equal ambient and initial temperature of the element, are proportional to the difference of average and ambient temperature Tm -Ta, which can be used as an input to calculate the restraint forces for example using FEM software. The formulas for the temperature field variables presented in Fig. 5a can be found in [1] . Those formulas are also implemented into the spreadsheet attached to [3] . 
SECOND CRITICAL TERM
The second critical term occurs much later, when the compensation of the temperature is completed and the concrete already achieved its design strength. Residual and restraint stresses caused by the hydration heat release are no more relevant. In the second term the reason for cracking are primarily the shrinkage induced restraint forces accompanied by the residual stresses caused by a differential drying shrinkage (the outer layers of the slab dry faster than the inside of the element). Predictions of the differential drying shrinkage in concrete members can be found in [14] , [15] , [16] .
In Annex B to the standard [5] , the basic equations for determining the drying shrinkage strain εcd(t) under constant ambient conditions can be found. However the ambient relative humidity RH and the notional size of the member h0 may change during the relevant period of time (e.g. due to removal of the framework). In order to obtain the final shrinkage strain εcd(t),, the authors propose to perform the superposition of the shrinkage functions, the concept well known from the creep theory and used to calculate the creep strain at varying stresses. In Fig. 6a the procedure for computing the total shrinkage strain of a single element for three periods of time with varying conditions is presented. In Fig. 6b a procedure for determining the shrinkage strain for two elements (in this case the wall on a previously casted foundation) casted with a certain time offset is shown.
If the element 1 is casted before the element 2 then the effective shrinkage strain causing the imposed stresses is the difference between the shrinkage strain of the element 1 and 2. The longer the delay in casting the second element, the greater the difference of shrinkage strain. The maximum effective shrinkage strain can be used as an input to calculate the restraint forces for example using FEM software, where the shrinkage strain can be represented as a temperature reduction.
When the calculations show that the element will crack in the first critical term, then the calculations in the second critical term may usually be skipped. This is due to the fact that the stresses caused by the imposed deformations depend not only on the boundary conditions of the structure but also on its stiffness. And as a result of cracking the stiffness of the element will decrease and it is highly unlikely that the shrinkage imposed stresses will exceed those that will arise under the influence of the cracking force determined for fct,eff = 0.5fctm in the first critical term.
If the structure is not cracked due to the hydration heat release, the calculations in the second critical term must be performed and the amount of mincr in the cracked regions may be substantial because fct,eff = fctm.
In the second critical term the shrinkage tensile stresses may coexist with other loads, which in practice can reduce the effects of the shrinkage in concrete, what was depicted in Fig. 7 . For example in a building basement wall casted on a foundation with the time offset of weeks, after couple of months (or years) shrinkage induced stresses may be of a maximum value close or equal to the cracking force Ncr = Acfctm. However in the same wall the additional compressive stresses arise preventing the cracking of concrete. This is due to the shrinkage of the floor slab above, for which the considered wall is a restraint itself (Fig. 7) . Moreover other transverse stiffening walls, next floor beams, slab and the foundation itself provide the stiffening system which limits the horizontal deformation capacity of the wall and therefore induce yet additional compressive stresses σx originated from the gravity loads σz from the floors above (Fig. 7) . Therefore it can be concluded that in cases of relatively tall buildings, the mincr designed in the first critical term for the thermal effects may be sufficient even if the wall was not cracked during this period -further calculations including the shrinkage induced strain may not be necessary in that case. However for walls not subjected to gravity loads from the floors above (low-rise buildings, retaining walls), shrinkage induced restraint of deformations may be of a greatest significance, especially in cases where the cracking of concrete did not occur in the first critical term. 
THREE LEVELS OF ACCURACY -PROPOSAL FOR THE MINCR DESIGN
The minimum reinforcement for crack width control mincr is by definition the reinforcement, for which the crack width computed for the tensile force N is equal to the maximum admissible value. The effective tensile force N can be determined using two levels of accuracy. The More advanced first level of accuracy methods require calculating the TS stresses in both critical terms, for example using FEM software. A procedure in which the distribution of the effective tensile force N is determined assuming concrete as a linear elastic material will be called the Eu1 method. It is consistent with the general principle used for RC structures -the static calculations are performed for uncracked elements without any reinforcement and then the design of the reinforcement is carried out for cracked elements. The results of such calculations depend on the cement class (S, N or R) and on the number and placement of the joints. The results also contain information regarding the stress distribution in the structure and therefore allow to decrease, thanks to the first German addendum, the amount of reinforcement in areas where the tensile stresses are smaller.
In Fig. 8a an example of a retaining wall FEM model that can be used in Eu1 calculations is
shown. The slab foundation modeled with solid elements lays on an elastic Winkler's foundation and the wall is made of shell elements. The only acting loads on the structure are the self-weight, thermal loading (in the first critical term) and the maximum effective shrinkage strain (in the second critical term). In Fig. 8b the typical normal stress distributions in a short segment are depicted.
In Fig. 8c the stresses in a long retaining wall are shown. The white color distinguish areas where the tensile restraint and residual stresses superpose and cause the cracking of concrete (Fig. 9b) . In those areas the mincr can be computed using the Eu0 or Eu0n methods. In the light-gray areas the restraint stresses Vrt are smaller than the effective concrete tensile strength fct,eff diminished by the residual tensile stress on the surface of the wall Vres.
Therefore the concrete is not cracked and according to the first German addendum and Eq. 3.2, in those areas the effective tensile force is equal N = -Ac (0.3Vres + Vrt). In the dark-gray areas the restraint stresses are compressive (Figs. 9c and d) therefore the conservative approach is to design the mincr only for residual stresses and assume the effective tensile force equal to N = -0.3AcVres in computing the crack width (Fig. 9a) . A summary of all the above options is presented in the Tab. 1. 
Tab. 1. Design conditions for mincr
Region
SECOND LEVEL OF ACCURACY
The simplest calculations that can be performed using nowadays widely available FEM software are based on the assumption commonly used in static calculations, that RC elements are uncracked and built from elastic materials. Improved methods take into account inelastic properties of the materials, especially the effect of stiffness degradation caused by cracking of concrete. This more advanced calculations, example of which can be found in [17] , [18] , [19] , [20] , [21] are not the subject of this paper.
CONCLUSIONS
In RC concrete elements, the temperature changes related to the exothermic nature of cement hydration and the shrinkage of concrete may cause indirect interactions resulting in severe cracking.
In the first critical term the thermal induced imposed strain plays a key role in the hardening concrete. In the second critical term a shrinkage induced strain may be of the greatest significance in hardened structure. New approach in determining the minimum reinforcement for crack width control, using direct crack width calculations in tensile RC elements is presented. The minimum reinforcement determined for the crack width to be equal to the maximum allowable value, computed according to the general rules of standard [5] (other standards and methods can also be used) is by definition the minimum reinforcement for the crack width control (mincr). Three levels of accuracy of the analysis were defined. In the basic level calculations (Level 0), the calculations are performed by taking up the cracking force of the cross-section. At the higher level of accuracy (Level 1), thanks to modifications to the standard [5] taken from the German national annex [6] which allow to give up calculations taking up the cracking force, the amount of mincr can be reduced. In areas where the tensile stresses are smaller, the crack width can be computed for TS stresses determined using linear-elastic FEM models. In the opinion of the authors the level 1 methods give a reasonable, scientifically based compromise to the calculations of mincr and gives the designers a relatively simple tool to take into account the TS effects. A methodology of determining the minimum reinforcement for crack width control in a RC retaining wall is presented.
Calculations was performed using nowadays widely available engineering software.
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STRESZCZENIE:
W żelbetowych elementach które nie mogą się swobodnie odkształcać, takich jak ściany na fundamentach i niektóre płyty, na skutek odpływu ciepła hydratacji i skurczu betonu mogą powstać poważne zarysowania. W artykule zwięźle omówiono związany z tymi zjawiskami mechanizm pojawiania się własnych i wymuszonych naprężeń rozciągających.
Zdefiniowano dwa krytyczne terminy. W terminie 1, kilka dni po ułożeniu betonu, największe znaczenie mają naprężenia wywołane odpływem ciepła hydratacji. W drugim terminie, który może wystąpić po kilku miesiącach, a nawet latach, podstawową rolę odgrywają naprężenia wymuszone wywołane skurczem betonu.
Do obliczenia zbrojenia potrzebnego ze względu na naprężenia Termiczno-Skurczowe (TS) stosuje się przepisy o minimalnym zbrojeniu ze względu na zarysowanie (mincr). W artykule zaproponowano ulepszoną metodę sprawdzania stanu granicznego zarysowania, polegającą na tym, że przepisy Eurokodu 2 wzbogaca się o uzupełnienia pochodzące z niemieckiego załącznika krajowego. Nie stosuje się uproszczeń (niezbyt zresztą trafnych), polegających na stosowaniu tablic zawartych w Eurokodzie. Projektowanie mincr polega na bezpośrednim obliczaniu szerokości rys powstałych pod wpływem obciążeń rysujących (lub na podstawie uzupełnienia niemieckiego, mniejszych od rysujących) i porównywanie ich z wartością dopuszczalną. Zbrojenie, dla którego szerokość rys jest równa granicznej jest z definicji minimalnym zbrojeniem ze względu na zarysowanie.
Zdefiniowano trzy poziomy analizy. Poziom 0, w którym obliczenie polega na stosowaniu zgodnych z literą normy (ewentualnie z uzupełnieniami niemieckimi) bardzo prostych obliczeń. Na tym poziomie minimalne zbrojenie nie zależy od kształtu i schematu statycznego elementu i warunków cieplno -wilgotnościowych. Naprężeń TS nie oblicza się. Na poziomie 1 do wyznaczenia naprężeń TS stosuje się proste sposoby oraz MES przy założeniu liniowej sprężystości, co pozwala na zastosowanie powszechnie dostępnych programów komputerowych. Wyniki obliczeń zależą od licznych danych reprezentujących warunki dojrzewania elementu. Metody poziomu 3, które nie są przedmiotem tego artykułu, polegają na stosowaniu zaawansowanych modeli mechanicznych uwzględniających zagadnienia nieliniowe, w szczególności spadek sztywności betonu po zarysowaniu. W artykule umieszczono przykład obliczania minimalnego zbrojenia ze względu na zarysowanie w ścianie oporowej oraz przedyskutowano inne przypadki.
